Abstract. Plasmodium coatneyi has adapted well to experimental studies with Macaca mulatta monkeys and Anopheles dirus mosquitoes. Studies were made to determine 1) the course of asexual parasitemia, 2) periods when infective gametocytes were produced, 3) the laboratory-reared mosquitoes susceptible to infection, 4) the mosquito most capable of transmitting the infection to monkeys via bite, 5) the pattern of recrudescence, and 6) the prepatent periods following the bites of infected An. dirus mosquitoes. The period when infective gametocytes are produced is concentrated primarily in the first week when parasitemia exceeds 1,000/l. Mosquitoes were more heavily infected on days when the asexual parasite counts were highest. Gametocyte counts were generally low. Mature forms of the parasite markedly sequestered giving a pattern of high-low periodicity. Anopheles dirus and An. freeborni mosquitoes were nearly equal in terms of their ability to support oocyst development. Other species (An. stephensi, An. maculatus, and An. gambiae,) were less supportive. High sporozoite densities in the salivary glands were frequently produced in An. dirus and sporozoite transmission was obtained via the bites of these mosquitoes after 12-18 days of extrinsic incubation. Prepatent periods ranged from 10 to 15 days. The presence of frequent parasitic recrudescences suggests mechanisms similar to that seen in human infections with P. falciparum. It is proposed that P. coatneyi in M. mulatta monkeys can be a suitable model for studies on cerebral pathology, vaccine efficacy, and the testing of antimalarial drugs.
INTRODUCTION
Our search for suitable models for studies on the pathology, immunology, biology, and chemotherapy of malaria is concentrated in two distinct areas: 1) infections with human malaria in nonhuman primates, and 2) infections with monkey malaria in Old World and New World monkeys. One of the monkey malaria parasites that has characteristics that make it suitable for studies on the pathophysiology and immunology of cerebral malaria and maternal malaria is Plasmodium coatneyi.
Schizonts of P. coatneyi sequester in the tissues of the lung, heart, and brain, leading to pathologic complications similar to those of Plasmodium falciparum in humans. In addition, erythrocytic infections with P. coatneyi in Macaca mulatta monkeys frequently reach very high densities, sometimes life-threatening, which is characteristic of P. falciparum infections in humans.
Various investigators have studied P. coatneyi in terms of its morphology, [1] [2] [3] [4] [5] physiology, [6] [7] [8] [9] [10] [11] ultrastructure, 5, 12 pathology, [13] [14] [15] [16] [17] [18] [19] [20] in vitro culture, [21] [22] [23] [24] [25] immunology, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] sequestration, [36] [37] [38] [39] [40] [41] [42] transmission, [1] [2] [3] 29, [43] [44] [45] [46] chemotherapy, 22, 47, 48 and as a model for cerebral malaria [37] [38] [39] 42 and maternal malaria. 49 Over many years, we have tried to define the biology of infections of P. coatneyi in M. mulatta, their infectivity to different mosquitoes, the development of exoerythrocytic stages, and the suitability of this model for basic immunologic and physiologic study.
Plasmodium coatneyi was originally isolated from naturally infected Anopheles hackeri mosquitoes collected in the vicinity of Rantau Panjang in the state of Selangor, Peninsular Malaysia, in September and November 1961, and again in March 1962. 1, 2 Based on a single isolation, the probable primate host in Malaysia is thought to be M. fascicularis. Here, we report 1) our observations on the course of trophozoite-and sporozoite-induced infection in M. mulatta monkeys, 2) the results of attempts to infect different species of anopheline mosquitoes with P. coatneyi by feeding on infected M. mulatta monkeys, and 3) a summary of the successful transmission of the parasite via the bites of Anopheles dirus mosquitoes to M. mulatta monkeys.
MATERIALS AND METHODS
All monkeys were obtained commercially and were found to be free of natural malarial infection. Initial studies were conducted at the Institute of Medical Research in Kuala Lumpur, Malaysia. Subsequent studies were conducted at the U.S. Public Health Service laboratories in Chamblee, Georgia. Animals in Chamblee were maintained in an AAALAC (American Association for the Accreditation of Laboratory Animal Care, International)-approved, dedicated animal facility under the direction of a qualified veterinarian. Splenectomy, when indicated, was performed by a veterinarian using standard procedures. Animals were fed a diet of fruits, vegetables, and animal chow considered suitable and adequate for their maintenance in captivity.
Monkeys were infected with trophozoites by the intravenous injection of parasitized erythrocytes, either freshly collected from a donor animal or with parasites that had been stored frozen. At other times, infected mosquitoes were allowed to feed directly on a tranquilized animal as previously described. 50 Occasionally, animals were injected with sporozoites that had been obtained from dissected salivary glands of mosquitoes. Beginning one day after injection of parasitized erythrocytes or seven days after sporozoite inoculation, thick and thin blood films were prepared by the method of Earle and Perez, 51 stained with Giemsa, and examined microscopically. When the parasitemia became lifethreatening or at the completion of observations, animals were treated, usually with chloroquine. Small doses of quinine were often given when observations were being made on long-term infections. Early studies had indicated that P. coatneyi lacked a resting stage in the liver; thus, treatment with primaquine was not necessary to cure the infections.
Mosquitoes were dissected and examined for the presence of developing parasites to the level of oocysts between seven and 10 days after feeding. Oocyst counts were made microscopically from mosquito guts suspended in a 2% aqueous solution of mercurochrome; this allowed for a contrasting vital staining of the parasites. Those lots of mosquitoes shown to be infected were then held at 25 Ϯ 1ЊC until used for sporozoite transmission. Salivary glands of infected mosquitoes were examined either before or after feeding and graded 1ϩ (1-10 sporozoites), 2ϩ (11-100 sporozoites), 3ϩ (101-1,000 sporozoites), or 4ϩ (Ͼ 1,000 sporozoites). Transmission was via the bite of infected An. dirus mosquitoes on tranquilized monkeys.
Mosquitoes were laboratory reared. Anopheles dirus (originally from Thailand) and An. freeborni (originally from California) were shown to be highly susceptible to oocyst infection and were used interchangeably to determine infectivity of gametocytes and as standards for comparison with other species of anopheline mosquitoes. Laboratory-reared An. maculatus (originally from Malaysia), An. stephensi (from northern India), An. gambiae (from The Gambia), An. quadrimaculatus (from the southeastern United States), An. atroparvus (from Europe), An. albimanus (from El Salvador), An. culicifacies (from India), and An. farauti (from Indonesia) were fed to determine comparative levels of susceptibility.
RESULTS

Parasitemia.
The isolation of this line of P. coatneyi was by the injection of sporozoites from an An. hackeri mosquito into M. mulatta monkey R-0143 ( Figure 1 ) in November 1961. An examination of this initial infection indicated that certain conclusions could be made regarding the parasite: 1) this was a parasite with a 48-hr asexual cycle with alternating days of high and low density parasitemia; 2) because the dominant parasites present on any day were young rings, it was concluded that the mature forms were sequestered into the deeper circulation (a characteristic shared with the human parasite P. falciparum, and the monkey malaria parasite, P. fragile); 3) an examination of the course of parasitemia in this animal indicated that there were successive peak parasite counts (a characteristic of human infections with P. falciparum); and 4) parasite counts were often very high, even during the latter stages of the infection, suggesting that there was no restriction of schizogonic development to younger erythrocytes. Because this was a sporozoite-induced infection, there was no indication whether or not later peaks in the parasitemia were caused by relapses from dormant exoerythrocytic stages in the liver or from recrudescences caused by the appearance of asexual parasite populations capable of escaping the host's immune mechanisms.
Subsequent passages were made into 218 M. mulatta monkeys, thus providing data on various aspects of infection and mosquito infectivity. Seven sporozoite-induced infections were examined to determine if peak parasite counts occurred in the morning (8:00 AM) or at midnight (12:00 AM). Beginning 13 days after sporozoite challenge (Table 1) , daily 8: 00 AM slides were collected and examined; midnight counts began on day 18 (5 days after 6 of the 7 animals first demonstrated parasitemia). The peak parasite counts were obtained on day 7 at both collection periods. High-density parasitemia was seen to occur at both the 8:00 AM and midnight examination periods.
Periodicity. From observations on early passages, it was confirmed that a pattern of high-and low-density parasitemia was a common observation in animals infected with this parasite. Additional studies (Figure 2 ) indicated that this pattern was often maintained for many days. As shown in an examination of the parasite counts in monkeys X-0248 and X-0249, this pattern could sometimes switch. The first evidence of this in these animals occurred after treatment with subcurative doses of quinine. With X-0248, treatment with 300 mg of quinine on the ninth day of patent parasitemia resulted in a switch from maximum parasite counts on odd numbered days to maximum parasite counts on even numbered days. Thereafter, the periodicity pattern in X-0248 remained unchanged for the succeeding 63 cycles of asexual parasitemia. With X-0249, a switch from odd numbered day to even numbered day occurred right after treatment with quinine on day 9. However, during an observation period of 166 days, there were three additional switches from odd-toeven or even-to-odd day dominance on days 30, 91, and 155 in the absence of any drug intervention. In most animals, the pattern of alternating high-and low-density parasitemia was punctuated by more frequent shifting, especially during periods of lower-density parasitemia. Both of these animals had been injected with parasitized erythrocytes. Another animal, H-0008 ( Figure 3 ), was infected with sporozoites. This monkey had been splenectomized one year before being infected with P. coatneyi. Throughout the 163-day observation period, high-density parasitemia was observed on the odd day and the lower-density parasitemia on the even day.
Another characteristic of both trophozoite-and sporozoite-induced infections was the appearance of recrudescent populations of parasites at frequent intervals, often six or seven times during the first 100 days of parasitemia. As the infection progressed, the peaks in parasite count were observed less frequently. This is illustrated in the asexual parasitemia curves of monkeys R-0143, R-0372, R-0251, R-0107, R-0027, R-0141, and R-0088 ( Figures 1 and 4-9 ). Monkey R-0143 ( Figure 1 ) was infected with sporozoites and the prepatent period was 14 days. During 217 days of observation, 11 peaks in the parasite count were observed on days 9, 32, 51, 66, 79, 89, 115, 133, 161, 171, and 196. The highest peak parasite count of 720,000/l occurred on day 9. It is interesting to note that after 100 days of patent parasitemia of this sporozoite-induced infection, there were four peak parasite counts Ն 200,000/l.
Monkey R-0372 ( Figure 4 ) was infected by the inoculation of parasitized erythrocytes. During 154 days of observation, 6 peaks in the parasite count were observed after 7, 25, 41, 65, 93, and 123 days of patent parasitemia. The highest parasite count of 132,865/l occurred on day 65.
Monkey R-0251 ( Figure 5 ) was infected by the inocula- The interval between the successive peaks in the parasite count ranged from seven to 51 days and had a mean of 21.2 days (median ϭ 20 days).
Mosquito infection. To be able to establish the parameters of this model, it was necessary to 1) determine when mosquitoes were more likely to be infected by feeding on in- fected animals, and 2) identify the mosquito species most useful for experimental infectivity and transmission studies.
To determine infectivity of gametocytes, a mosquito species needed to support the development of oocysts, whereas, for vector and transmission studies, the mosquito host needed to support the presence of sporozoite-infected salivary glands. A total of 919 lots of mosquitoes were fed on M. mulatta monkeys infected with P. coatneyi ( Table 3 for definitions. would be less sensitive in detecting gametocyte infectivity. Infectivity to An. quadrimaculatus and An. atroparvus was too low for such studies. The results followed a pattern similar to that seen with An. dirus. Anopheles farauti was the third most susceptible followed closely by An. maculatus, An. stephensi, and An. gambiae.
An examination of the parasite counts in monkeys infected with P. coatneyi indicated a rapid increase for 7-10 days of patent parasitemia. An examination was made of the data from 46 infections in non-splenectomized monkeys on which mosquitoes were fed to determine gametocyte infectivity. The data were aligned beginning with the first high-density day (primarily ring stage parasites) after an increase to Ն 1,000/l. For the mosquito feedings during the first 12 days of patent parasitemia Ն 1,000/l, 1) the percentage of mosquito lots positive, 2) the average number of oocysts per gut, and 3) the average number of oocysts per positive gut were determined. The geometric mean parasite count, and the 5% and 95% percentile parasite counts were determined and compared using An. dirus. Of 148 feedings on 39 monkeys during the first 10 days of parasitemia, 86 resulted in the infection of An. dirus mosquitoes. Nine feedings (6.1%) were made when the parasite count was Ͻ 1,000/l, 112 (75.7%) when the count was between 1,000 and 100,000/l, and 27 (18.2%) when the count exceeded 100,000/l. Of the 148 lots of An. dirus fed during this period, 86 (58.1%) became infected ( Figure 10) ; forty-five lots (30.4%) had Ն 50% infection when fed when the parasite count was Ͼ 10,000/l. Of the 86 infected lots, the average number of oocysts per infected mosquito was Ͼ 10/gut in 32 lots (37.2%). The highest percentage of lots fed and infected was between days 5 and 9; on day 7, the average percentage infection was 52.9%, with 11 lots being 100%.
In addition, there were 25 feedings of An. dirus on 17
intact monkeys between 11 and 20 days of patent parasitemia. Of these, 11 lots (44%) were positive; three had greater than 50% infection and two lots had oocyst counts per positive gut Ͼ 10. Of 18 feedings of An. dirus on six monkeys between days 21 and 58, seven of 18 lots were positive; two lots had oocyst densities Ͼ 10/positive gut. In a single study, slides were made and feedings were conducted at 4-hr intervals ( Figure 11 ) to determine the ratio of ring stages to trophozoites, and to determine mosquito infection. Schizonts were rarely seen, confirming their sequestration throughout the course of parasitemia. Mosquito infection varied throughout the day. When the parasite count was increasing, highest density oocyst densities were obtained at 8:00 PM, midnight, and 4:00 AM. When the parasite count peaked, mosquito infection was obtained at 4:00 AM, 8:00 AM, and noon.
The salivary glands of 105 An. freeborni from 18 lots of infected mosquitoes were examined; only one had sporozoites and Ͻ 10 sporozoites (1ϩ) were seen. The salivary glands of 90 An. maculatus from 12 positive lots were examined; 10 had sporozoites with densities Ͻ 1,000 (1ϩ to 3ϩ). Only one of seven An. stephensi had a salivary gland infection; Ͻ 100 sporozoites (2ϩ) were seen. Anopheles farauti supported the development of high density (4ϩ) salivary gland infections. Anopheles dirus routinely developed high density salivary gland infections. Of 226 positive glands examined from 24 lots, all had sporozoites densities of 3ϩ or 4ϩ.
Three attempts were made to determine long-term patterns of mosquito infection (gametocyte production/infectivity) in sporozoite-induced infections. It was decided (for convenience) to conduct all mosquito feedings in the morning between 8:00 AM and noon. Despite low levels of gametocytemia, monkeys T-0330 and T-0332 ( Figure 12 ) failed to infect An. freeborni mosquitoes during the first two months of patent parasitemia; monkey T-0353 ( Figure 13 ) had low level mosquito infection on days 36 and 44. The animals were then splenectomized. Monkey T-330 was splenectomized on day 59 and mosquito infection commenced on day 60. Mosquitoes were infected on 29 of the next 38 days. Monkey T-353 was splenectomized on day 59; mosquito infection occurred on 18 of the following 40 days (mosquitoes were not fed on three of these days). Monkey T-0332 was splenectomized on day 57. Mosquitoes were infected on nine of the following 41 days.
Sporozoite transmission to M. mulatta. The parasite was isolated on several occasions in Malaysia, each time from sporozoites from wild caught An. hackeri collected near Rantau Panjang, Malaysia in 1961 (R-0143) and 1962. The parasites from R-0143 were the only ones passaged and maintained. There were 28 successful transmissions to M. mulatta monkeys via the bites of from one to nine An. dirus. 1  1  2  3  3  2  -1  2  --2  3  3  2  3  2  2  4  7  7  7  1  3   11ϩ  12ϩ  15ϩ  17ϩ  18ϩ  21ϩ  21ϩ  22ϩ  28ϩ  31ϩ  34ϩ  4ϩ * After feeding, mosquitoes were dissected and the salivary glands examined for the presence of sporozoites: 1ϩ ϭ 1 to 10 sporozoites; 2ϩ ϭ 11 to 100 sporozoites; 3ϩ ϭ 101 to 1,000; 4ϩ ϭ Ͼ1,000 sporozoites.
( Table 5 ). Additional animals were infected via the intravenous or intrahepatic injection of sporozoites dissected from the salivary glands of An. dirus to detect and describe exoerythrocytic stages. 4 Prepatent periods ranged from 10 to 15 days with a mean of 12.8 days (median ϭ 13 days). Intensity of the accumulated salivary gland ratings ranged from 4ϩ to 34ϩ. There appeared to be no relationship between the accumulated positive gland ratings and the prepatent period (Table 4) .
DISCUSSION
Plasmodium coatneyi has adapted well to experimental studies with M. mulatta monkeys and An. dirus mosquitoes. The parasite is characterized by high-density parasitemia after either trophozoite or sporozoite passage. The characteristic sequestration of the mature erythrocytic forms indicates similarities to that seen in infections in humans with P. falciparum and in monkeys with P. fragile. Infections have been induced experimentally into M. fascicularis 3, 26 and M. nemestrina 3 ; parasite counts in these animals are much lower and the host parasite model is considered to be less useful for experimental studies. Macaca fuscata apparently supports much higher parasite densities. 28, 39 Our attempts to infect New World monkeys via trophozoites and/or sporozoites have been unsuccessful (unpublished data).
To be able to standardize this parasite and primate as a predictable model for immunologic studies, we have tried to identify 1) the course of asexual parasitemia, 2) periods when infective gametocytes are produced, 3) laboratoryreared mosquitoes susceptible to infection, 4) the mosquito most capable of transmitting the infection to monkeys via bite, 5) the pattern of recrudescence, and 6) the prepatent periods after the bites of infected An. dirus mosquitoes.
In the intact M. mulatta monkeys, high-density parasite counts are produced within a week of the development of patent parasitemia. The period when infective gametocytes are produced is concentrated primarily in the first week of parasitemia Ͼ 1,000/l. Mosquitoes were more heavily in-fected on days when the asexual parasite counts are highest. Gametocyte counts were generally low.
Mosquito feedings with commonly available laboratorymaintained anopheline mosquitoes indicated that An. dirus and An. freeborni were nearly equal in terms of the ability to support oocysts development. Other species such as An. stephensi, An. maculatus, and An. gambiae were less supportive. High sporozoite densities in the salivary glands were frequently produced in An. dirus and sporozoite transmission was obtained via the bites of these mosquitoes after 12-18 days of extrinsic incubation.
A characteristic of malaria infection in primate hosts is the presence of recrudescences in which the parasite count decreases markedly, followed by a renewed period of higherdensity parasitemia. This appearance of recrudescences contrasts with relapses that are due to renewed infection from hypnozoites in the liver. Treatment of sporozoite-induced infections of P. coatneyi followed by a long-term search for renewed parasitemia has demonstrated that relapses from hypnozoites do not occur with this species of Plasmodium. This observation points out the biologic similarity of this parasite to P. falciparum in humans. They both lack a mechanism for long-term sequestration of liver forms. The presence of frequent parasitic recrudescences suggests mechanisms similar to that seen in human infections with P. falciparum, in which recrudescence is frequent and predictable. This characteristic suggests that P. coatneyi may be useful in delineating the appearance of new populations of parasites believed to be immunologically distinct from the preceding parasite populations.
Previously, we reported that An. balabacensis balabacensis (ϭ An. dirus) mosquitoes could readily support the development of the sporogonic stage; transmission of P. coatneyi to M. mulatta monkeys via the bite of this mosquito was also reported. 3, 39 Our frequent transmission of the parasite to this susceptible host using low numbers of mosquitoes indicates a high predictability of success. Infections were initiated in M. mulatta via the bites of only 1-7 heavily infected (4ϩ) An. dirus mosquitoes; the range in the prepatent period was relatively small (10-15 days). Thus, the complete cycle of transmission of P. coatneyi could be readily maintained under experimental conditions.
We believe that P. coatneyi in M. mulatta monkeys can be a suitable model for studies on cerebral pathology and other conditions associated with parasite sequestration. In addition, it should be a suitable model to determine the efficacy of vaccines directed against sequestration epitopes, thus shunting mature parasites to the spleen. As a model for additional vaccine studies, sporozoite transmission is readily accomplished via the bites of very few mosquitoes. This contrasts with the P. vivax model in Saimiri boliviensis monkeys in which the injection of 10,000 or more sporozoites is required to obtain predictable infection. 52 Aotus monkeys are less susceptible to sporozoite-induced infection with P. falciparum. Unfortunately, P. coatneyi has not been adapted to develop in New World monkeys. Plasmodium coatneyi does not have a resting stage in the liver. Therefore, other monkey malaria models such as P. cynomolgi, P. fieldi, or P. simiovale that have this relapse mechanism would be preferred for vaccines directed against the resting stages (hypnozoites). Plasmodium coatneyi should have a role as a model for testing antimalarial drugs. It is readily transmitted to M. mulatta monkeys via sporozoite inoculation, is highly virulent in this host, and does not relapse from the fixed tissue. Monkeys can be repeatedly infected and serve as hosts for mosquito infection.
